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缩 略 词 
英文缩写 英文名称 中文名称 
AD Alzheimer disease 阿尔茨海默病 
Aβ Amyloid β peptide 淀粉样蛋白 β 
BDNF Brain-derived neurotrophic factor 脑源性神经营养因子 
βAPP β-amyloid peptide precursor β 淀粉样蛋白前体蛋白 
CE Collision energies 碰撞能量 
CH Coat hanger 衣架实验 
DNMT DNA methyltransferase DNA 甲基转移酶 
DG Dentate gyrus 齿状回 
ESI Electrospray ionization 电喷雾离子源 
GS1 Nebulizer gas 雾化气体 
GS2 Auxiliary gas 辅助气体 
IS    Ion spray voltage 离子喷雾电压 
IL-6   Interleukin-6 白介素-6 
IL-1β Interleukin-1β 白介素-1β 
IFN-γ Interferon-γ 干扰素-γ 
IL-1 Interleukin-1 白介素-1 
IL-1b Interleukin-1b 白介素-1b 
IL-32 Interleukin-32 白介素-32 
LC/MS Liquid chromatography/mass spectrometry 液相色谱-串联质谱 
LPS Lipopolysaccharide 脂多糖 
MWM Morris water maze Morris 水迷宫 
MRM Multiple reaction monitoring 多反应监测 
NAc Nucleus accumbens 伏核 
OFT Open field test 旷场实验 
PIS Precursor ion scan 正离子扫描 
PP1 Protein Phosphatase-1 蛋白磷酸酶 1 
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SNP Single Nucleotide Polymorphisms 单核苷酸多态性 
TNF-α Tumor necrosis factor α 肿瘤坏死因子-α 
TET Ten-eleven translocation 10-11 易位甲基胞嘧啶双加氧酶
TLR Toll-like receptors Toll 样受体 
5hmC 5-hydroxymethylcytosine 5-羟甲基胞嘧啶 
5mC 5-methylcytosine 5-甲基胞嘧啶 
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摘 要 
慢性炎症存在于各种慢性疾病如糖尿病、肥胖、癌症、阿尔兹海默症、心血
管疾病、代谢性疾病和缺氧性疾病，并在其发展中起到关键性的作用。然而，慢
性炎症对脑功能有何影响及其机制尚不清楚。早期文献显示，炎症可以促进神经
营养因子在神经系统内的分泌，进而保护神经元免受损伤；免疫机制也可以积极
调节神经回路的重塑，促进记忆的巩固，海马长时程增强和神经发生。而在几种
慢性炎症疾病中发现了 DNA 甲基化，DNA 甲基化通过调节基因的表达和活性，
影响细胞的增殖和分化，并且调节长时程记忆和突触可塑性。因此，本研究首先
观察认知功能的变化及 DNA 甲基化和去甲基化参与的机制。 
目的：通过构建不同严重程度的慢性炎症小鼠模型，运用行为学、DNA 表
观遗传学和分子生物学研究手段，探究 DNA 甲基化与慢性炎症认知功能改变的
机制。 
方法：健康雄性 6–8 周昆明小鼠分为三组，分别腹腔注射细菌脂多糖
（lipopolysaccharide，LPS）0.6 mg/kg 和 1.2 mg/kg，对照组腹腔注射生理盐水，
每组 10 只。LPS 每天注射 1 次，连续注射 67 天。行为学测试分别采用旷场实
验测试小鼠的情绪变化，衣架实验测试小鼠协调运动能力，Morris 水迷宫测试小
鼠空间认知能力。另外，采用 Barnes 迷宫任务激活空间认知环路中神经细胞 c-fos
蛋白的表达。利用超灵敏的液相色谱-串联质谱（liquid chromatography/mass 
spectrometry，LC/MS）技术测试小鼠海马全基因组 DNA 总甲基化和羟甲基化水
平；利用 qRT-PCR 技术检测海马组织中炎症因子白介素-6（interleukin-6，IL-6）
和肿瘤坏死因子-α（tumor necrosis factor，TNF-α），DNA 甲基转移酶（DNA 
methyltransferases，DNMT）DNMT1、DNMT3a 和 DNMT3b 以及脱甲基转移酶
（ten-eleven translocation，TET）TET1、TET2 和 TET3 mRNA 的表达。利用免疫
荧光技术检测海马组织中 c-fos、TET1 和脑源性神经营养因子（brain-derived 
neurotrophic factor，BDNF）蛋白的表达；另外，海马中 BrdU 阳性细胞计数用来
显示新生神经细胞发生的程度。 
结果： 1. 腹腔内注射LPS第3天至第9天，0.6 mg/kg LPS组和1.2 mg/kg LPS
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组与生理盐水组比较体重都显著下降，腹腔内注射 LPS 第 40 天后，0.6 mg/kg LPS
组和 1.2 mg/kg LPS 组小鼠体重都开始逐渐增加，但是与生理盐水组比较没有显
著差异。0.6 mg/kg LPS 组和 1.2 mg/kg LPS 组小鼠每日总摄食量与生理盐水组小
鼠比较都显著增高，而且，用 0.6 mg/kg LPS 组显著高于 1.2 mg/kg LPS 组小鼠。 
2. 旷场实验中，与生理盐水组比较，1.2 mg/kg LPS 组小鼠在旷场中的休息
时间显著升高。衣架实验中，1.2 mg/kg LPS 组小鼠评分显著高于生理盐水组和
0.6 mg/kg LPS 组。Morris 水迷宫测试中，0.6 mg/kg LPS 组和 1.2 mg/kg LPS 组与
生理盐水组小鼠比较潜伏期和运动总距离都显著缩短。 
3. 与生理盐水组比较，0.6 mg/kg LPS 组和 1.2 mg/kg LPS 组小鼠海马中 IL-6
和 TNF-α mRNA 的表达都显著增加。与生理盐水组比较，0.6 mg/kg LPS 组小鼠
海马中 5mC/G 水平具有显著增加的趋势，1.2 mg/kg LPS 组小鼠海马 5hmC/G 水
平也有显著增加的趋势。与生理盐水组比较，1.2 mg/kg LPS 组小鼠 DNMT3a 
mRNA 在海马中的表达显著增加。与 0.6 mg/kg LPS 组和生理盐水组比较，1.2 
mg/kg LPS 组小鼠海马中 TET1 和 TET2 mRNA 的表达都显著增加。与生理盐水
组比较，0.6 mg/kg LPS 组和 1.2 mg/kg LPS 组小鼠海马 CA1、CA3 和齿状回
（dentate gyrus，DG）中 c-fos 蛋白表达都显著增加。与生理盐水组比较，0.6 mg/kg 
LPS 组小鼠海马 CA3 中 BDNF 的表达显著增加。与 0.6 mg/kg LPS 组和生理盐水
组比较，1.2 mg/kg LPS 组小鼠海马 DG 中 BrdU 标记的阳性细胞数显著增加。 
结论：1. 慢性炎症促进小鼠的空间学习能力。长期注射 LPS 小鼠食物摄取
能力增强、体重增加，对陌生环境适应能力增强以及协调运动能力增强，都揭示
了慢性炎症的积极作用。 
2. DNA 甲基化和羟甲基化与炎症相关。LPS 诱导 DNA 羟甲基化的增加可能
介导与认知相关基因的羟甲基化。 
3. 小鼠空间学习能力的增强可能与 DNMT3a 和 TET1 基因表达上调，BDNF
表达以及海马神经发生有关。 
关键词：慢性炎症；甲基化；LPS；记忆；神经发生 
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Abstract 
    Chronic inflammation is present in a variety of chronic diseases and plays a key 
role in the development of many chronic diseases such as diabetes, obesity, cancer, 
Alzheimer's disease, cardiovascular disease, metabolic diseases and hypoxic diseases. 
However, what's the effect of chronic inflammation on brain function and its 
mechanism is unclear. In previous studies, the secretion of neurotrophic factors in the 
nervous system during the onset of inflammation protects neurons from damage. The 
immune mechanism can also actively adjust the remodeling of the neural circuit to 
promote the consolidation of memory, rapid growth of the hippocampus and 
neurogenesis. DNA methylation were found in several chronic inflammatory diseases 
by regulating the expression and activity of genes, affecting cell proliferation and 
differentiation, and regulating long-term memory and synaptic plasticity. Therefore, 
this study explores whether chronic inflammation promotes brain function through 
DNA methylation. 
Objectives: To study the mechanism of DNA methylation in the cognitive 
function of chronic inflammation by constructing the chronic inflammatory mouse 
model with different severity, using behavioral, DNA epigenetics and molecular 
biology research methods. 
Methods: Healthy male aged 6-8 weeks kunming mice were divided into three 
groups: intraperitoneal injection of lipopolysaccharide (LPS) 0.6 mg/kg and 1.2 
mg/kg respectively, the control group was injected intraperitoneally with normal 
saline and continuously injection 67 days. Behavioral tests were used to test the mood 
changes of mice in the open field test, the coat hanger test was used to test the 
coordinate exercise ability of mice, and the Morris water maze tests the spatial 
cognition ability of mice.  
In addition, the Barnes maze task was used to activate the expression of c-fos 
protein in neuronal cells in spatial cognitive loops. The methylation of whole genome 
DNA in the hippocampus of mice were measured by ultra-sensitive liquid 
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chromatography-tandem mass spectrometry (LC/MS). The expressions of IL-6 and 
TNF-α, methyltransferase DNMT1, DNMT3a, and DNMT3b and the expression of 
TET1, TET2, and TET3 mRNA were detected by qRT-PCR. The expression of c-fos, 
TET1, and brain-derived neurotrophic factor (BDNF) and the neurogenesis of BrdU 
in the hippocampus were detected by immunofluorescence. 
Results: 1. Intraperitoneal injection of LPS on third to ninth day, 0.6 mg/kg LPS 
treatment group and 1.2 mg/kg LPS treatment group compared with normal saline 
group decreased significantly, intraperitoneal injection of LPS 40 days after 0.6 mg/kg 
LPS treatment group and 1.2 mg/kg LPS treatment group began to increase gradually, 
and no significant difference compared with the saline group. The daily total food 
intake of 0.6 mg/kg LPS treatment group and 1.2 mg/kg LPS treatment group was 
significantly higher than the saline group, and furthermore 0.6 mg/kg LPS treated 
group significantly higher than 1.2 mg/kg LPS treated group. 
2. In the open field test, the rest time of 1.2 mg/kg LPS treatment group was 
significantly higher than the saline group. In the coat hanger test, the mice in the 1.2 
mg/kg LPS treatment group were significantly higher than those in the saline group 
and 0.6 mg/kg LPS group. In the Morris water maze test, 0.6 mg/kg LPS treatment 
group and 1.2 mg/kg LPS treatment group mice significantly shorter latency 
compared with the normal saline group. 
3. Compared with the saline group, the expression of IL-6 and TNF-α mRNA in 
the hippocampus of 0.6 mg/kg LPS treatment group and 1.2 mg/kg LPS treatment 
group was significantly increased. Compared with the saline group, the 5mC/G level 
in the hippocampus of 0.6 mg/kg LPS treatment group increased significantly, and the 
5 hmC/G level in the hippocampus of 1.2 mg/kg LPS treatment group also increased 
significantly. Compared with the saline group, the expression of DNMT3a mRNA in 
the hippocampus was significantly increased in the 1.2 mg/kg LPS treatment group. 
Compared with 0.6 mg/kg LPS treatment group and saline group, the expression of 
TET1 and TET2 mRNA was significantly increased in the hippocampus of 1.2 mg/kg 
LPS treatment group. Compared with the saline group, the expression of c-fos was 
significantly increased in the hippocampal CA1, CA3, and DG of the 0.6 mg/kg LPS 
厦
门
大
学
博
硕
士
论
文
摘
要
库
 VII 
treatment group and 1.2 mg/kg LPS treatment group. Compared with the saline group, 
the expression of BDNF was significantly increased in hippocampal CA3 of 0.6 
mg/kg LPS treatment group. Compared with the 0.6 mg/kg LPS treatment group and 
the saline group, the number of BrdU cells in the hippocampus increased significantly 
in 1.2 mg/kg LPS treated group. 
Conclusions: 1. Chronic inflammation promotes the spatial learning ability of 
mice. Long-term injection of LPS in mice increased food intake and body weight, 
increased the ability to adapt to unfamiliar environments, and increased motion 
coordination ability, increased expression of c-fos in hippocampal neurons, they both 
revealed chronic inflammation is beneficial. 
2. DNA methylation and hydroxymethylation are associated with inflammation. 
Increased in DNA hydroxymethylation by LPS-induced may mediate the methylation 
of cognitive-related genes. 
3. The enhancement of spatial learning ability in mice may be related to the 
up-regulation of DNMT3a and TET1 gene expression, BDNF expression and 
hippocampal neurogenesis. 
Keywords: Chronic inflammation; Methylation; LPS; Memory; Neurogenesis 
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第一章 前言 
1.1 慢性炎症研究概述  
炎症是血管系统对损伤因子所发生的防御反应，它是损伤和抗损伤的统一过
程。在炎症过程中，一方面通过渗出反应和炎症充血，以达到稀释、杀伤和包围
损伤因子的目的。另一方面损伤因子直接或间接造成细胞和组织的破坏，同时通
过细胞的再生使受损的组织得以修复和愈合。 
致炎因素有许多类型，可以分为以下几种：第一，生物性因子。一些微生物
是导致炎症最常见的因素，如细菌、真菌、病毒、支原体、立克次体、螺旋体和
某些寄生虫等。某些具有抗原性的病原体感染后，通过诱发机体的免疫反应而损
伤组织，如寄生虫感染和结核；病毒在被感染的细胞内复制而导致细胞坏死；细
菌产生的内毒素和外毒素可以直接损伤组织。第二，化学性因子。化学性因子分
为外源性化学物质和内源性毒性物质。外源性化学物质包括强酸、强碱、芥子气
和松节油等。内源性毒性物质包括坏死组织的分解产物，及在某些病理条件下堆
积在体内的代谢产物，如尿素等。第三，物理性因子。低温、高温、放射性物质、
紫外线和机械性损伤等都会造成炎症。第四，坏死组织。组织坏死是一种潜在的
致炎因子，缺血或缺氧等原因都可以引起组织坏死。在病灶边缘所出现的炎性细
胞的浸润和充血出血均会表现为炎症。第五，异物。通过各种途径进入机体的异
物，比如各种尘埃颗粒、木材碎屑、金属及手术缝线等，由于它们的抗原性不同，
可以引起不同程度的炎症反应。第六，变态反应。当机体免疫反应状态异常时，
可引起过度的或者不适当的免疫反应，造成细胞和组织损伤而导致炎症。免疫反
应所造成的组织损伤在以下各种类型的超敏反应中最为常见：I 型变态反应，例
如过敏性鼻炎和荨麻疹；II 型变态反应，例如抗基底膜性肾小球肾炎；III 型变
态反应，例如免疫复合物沉着所致的肾小球肾炎；IV 型变态反应，例如结核和
伤寒等。  
根据时间的长短，炎症可以分为急性炎症和慢性炎症。在一些慢性炎症性疾
病例如牙周炎活检[1-4]、肠道炎症[5]和系统性红斑狼疮[6]等疾病中，慢性炎症可以
持续数周、数月甚至终生。它可以由急性炎症迁移而来，也可以是致炎因子长时
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